Results

Quantitation of target input
The manufacturer's standard tagmentation procedure requires the use of a pre-determined transpososome-to-DNA ratio. To maintain this relationship when titrating down levels of target it becomes necessary to accurately measure very low concentrations of DNA. We have developed a highly reproducible DNA sample quantitation method utilising a fluorescent DNA reporter dye, background signal quencher and highly sensitive optical plate reader (see Methods). We are able to reproducibly measure 500fgμL -1 in the final 20μL reaction, equivalent to 10pgμl -1 in the initial sample when using our standard 1:20 dilution (Methods and Supplemental Figure 1 ).
In-line barcoding and read quality
The alteration to the manufacturer's tagmentation protocol described here uses oligos complementary to the 19bp TRM sequence with an additional recognition site for a remote cutting type IIG restriction endonuclease. These enzymes are subsequently used to remove the majority of the 29bp flanking sequence, including the TRM, to leave a mandatory 2bp 3'
TG overhang at both ends of all library fragments which is subsequently used to ligate adapters in a highly efficient reaction (Figure 1 ). The chosen restriction endonucleases have short recognition sequences that also occur in the input DNA. Using such enzymes in the preparation of NGS library fragments will, in addition to trimming away transposon core sequences, also lead to cleavage of a number of fragments which will be lost from the library leading to reduced coverage of target DNA around endogenous enzyme recognition sites. To overcome this, we employed different type IIG restriction enzyme and tailed primer combinations (AcuI, BpmI, BsgI, and BpuEI) to produce library fragments with identical 2bp 3'
GT overhangs in the flanking core oligo sequence. Endogenous cleavage sites for each enzyme are largely non-overlapping. Hence, sequencing libraries created by pooling sublibraries from separate enzyme/primer combinations should minimise coverage reduction at endogenous recognition motifs.
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Separate E. coli K12 genomic DNA libraries were prepared in parallel using either sonication based Illumina compatible techniques (1μg input DNA, see Methods) or our altered tagmentation method (with 1ng, 100pg and 10pg levels of input DNA, see Methods). For the tagmentation method, libraries were created with separate restriction enzyme/primer combinations and additional libraries made by pooling equimolar amounts of either two (BpmI and BsgI) or four (AcuI, BpmI, BsgI, and BpuEI) independent sub-libraries prior to adapter ligation. Each library used specific staggered length in-line barcoded adapters that allow indexing of both reads of a read-pair whilst simultaneously offsetting a common three base sequence found at the start of all tagmentation reads (Supplemental Table 2 ). Libraries were multiplexed, sequenced on an Illumina GAII 51bp paired end (PE) flowcell, and data retrieved.
Resultant data files were converted to fastq format, de-multiplexed into constituent libraries and filtered for reads where all constituent base calls exceeded a phred quality of 20 (Methods).
At the 10pg level, multiplexed libraries for one enzyme (10pg input), two enzymes (20pg total input) and four enzymes (40pg total input) yielded 3.1x10 7 paired 51bp reads from the flowcell lane. 1.3x10 7 (42%) of these pairs contained constituent nucleotides that fell below the arbitrary phred 20 threshold (Methods and Table 1 ) and were discarded. Of the remaining data, 3.7x10 5 pairs (1.2% of the total) had chimeric or un-recognised barcodes. 98.9% of all high quality paired reads were thus successfully de-multiplexed using our in-line barcoding method resulting in sub-libraries with an average of 4.0x10 6 paired reads (~3.5x10 8 bp of sequence data) per library, equal to ~75-fold statistical coverage of the E. coli 4.6Mb genome ( Table 1) . To prevent alignment biases due to unequal read lengths we removed 7bp, corresponding to the longest barcode, from the 5' end of all reads for all libraries.
The yields and quality of tagmented libraries outlined here are equivalent to data obtained from non-barcoded 'standard' Illumina GAII 51bp PE libraries run by our laboratory (Supplemental Table 1 ).
7
Read alignment quality and library diversity
Each 44bp PE dataset was aligned separately to an E. coli K-12 reference genome (Methods). Resultant datasets were quality filtered for uniquely mapping read pairs where both reads exceeded a mapping phred of 150 ( Table 1) .
PCR is used to increase the available material for sequencing in both standard Illumina and our modified tagmentation library preparation methods. This leads to the amplification of library fragments, and a consequent increase in DNA mass with a reduction in fragment diversity due to amplification bias. For this reason we sought to compare the relative diversity, and hence information content, of the aligned datasets. PCR duplicates within each filtered dataset were identified and excluded (Methods and Table 1 ). The 1μg Illumina libraries were found to contain approximately 1% library fragment redundancy whereas duplication levels for the 10pg tagmentation library set varied between 49% and 64%. Repeating the tagmentation process with higher DNA input amounts (100pg and 1ng levels) produced libraries with lower degrees of redundancy, 16-23% and 12-18%, respectively ( Table 1 and Supplemental Table 3 ).
To allow direct comparison between preparation methods we randomly selected subsets of 1x10 6 (1M) non-redundant, uniquely mapping 44bp paired reads for all further analyses (see Methods).
Relative coverage
We first considered whether specific biases exist in statistical coverage between the two library preparation methods. Comparison of each library shows that the tagmentation method generates larger variation in coverage across the target genome when compared to the standard Illumina method (Figure 2a) . As expected, tagmentation libraries produced using a single restriction endonuclease cover large numbers of genomic regions at zero (Figure 2a, Table 2 ) or low ( Figure 2b and Table 2 ) statistical coverage. However, also as predicted, blended libraries from two or four independent tagmented reactions digested with separate enzymes substantially reduce the frequency of low coverage regions to levels similar to those observed for the 1μg Illumina library (Figure 2a, Figure 2b and were observed with 1ng and 100pg level tagmentation library datasets (Supplemental Table   4 ).
Relative GC content bias
We next considered whether coverage from the amplified libraries exhibited a bias in GC content. To compare relative and absolute sequence biases between Illumina and tagmented libraries we compared datasets to an unbiased in silico library of 1M randomly sampled uniquely mappable, non-redundant, E. coli K-12 genome fragments of equivalent fragment insert lengths to the test libraries (Figure 2c and Supplemental Figure 2 ). Statistical coverage levels between the two experimental datasets were most similar in genomic regions exceeding 50% GC content. Here both libraries showed under-representations of expected coverage levels compared to the simulated unbiased set. Overall, coverage for both libraries was biased towards AT-rich sequences with the tagmentation dataset showing greatest deviation.
Effect of enzymatic digest on local coverage
To quantitate the effect of using single enzymatic digests to produce tagmented libraries we analysed sequence coverage in the vicinity of endogenous recognition sites for the endonuclease used in the library preparation. Our data show that, as predicted, library fragments were reduced to 7% of normal coverage levels, spanning a few base pairs across the enzyme binding site (Figure 2d ). Full coverage depth was restored within one insert length immediately flanking the recognition motif. Analysis of libraries made from two independent enzymatic digests showed minimum coverage levels are restored to 70% of normal levels at any individual enzyme site (Figure 2d) . Blending 4 separately digested libraries increases the coverage at endogenous sites still further to 83% of median levels.
Sequence preference for transpososome insertion
The use of an enzymatic reaction to fragment target DNA as an alternative to sonication immediately raises the question of whether preferred transpososome sequence binding motifs exist and, if so, how this may introduce further bias in local sequence coverage. Consequently,
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we next sought enriched sequence motifs at transpososome integration sites. Analysis of transpososome integration sites in our 10pg, 100pg and 1ng level tagmented library sets provided evidence for a weak ~13bp motif centered at the point of fragmentation (Figure 3) consistent with a preference reported independently (Adey et al. 2010 ). Analysis of the Illumina library yielded no evidence of sequence enrichments at sites of template fragmentation.
Tagmentation with 20pg of mouse genomic input
To investigate the utility of this technique with complex animal genomes, seven separate C57BL/6J mouse liver genomic DNA libraries were prepared using either sonicated (1μg input) or our modified tagmentation method (20pg, 1ng or 4ng input representing an equivalent of 9.7x10 9 bp of sequence data.
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As with the E. coli analyses, each 44bp PE dataset was aligned separately to the C57BL/6J reference assembly (Methods). Resultant datasets were quality filtered for uniquely mapping paired ends with alignment scores above our arbitrary threshold ( Table 3) . PCR duplicates within each filtered dataset were identified based on mapping coordinates and 1x10 6 (1M) nonredundant, uniquely mapping PE reads from each library were selected for further analyses.
Finally, gross target genome coverage and constituent fragment diversity were derived by computing unique nucleotide coverage and comparing to the maximum predicted unique nucleotide coverage for 1M 44bp PE reads ( Table 3) .
No gross differences were observed in the levels of library quality, fragment redundancy, target coverage or fragment diversity between the 1μg input sonication based Illumina and 1ng input tagmentation libraries ( Table 3 ). PCR duplication rates of up to 39-fold those of the other libraries were, however, seen in the 20pg library and strongly suggest that at these input levels, diversity of the starting material becomes a limiting factor.
Discussion
Standard protocols for next generation library synthesis typically require ~1μg of input DNA. average insert fragments. Diversity of both mouse and E. coli genomes are sufficient that false duplicates due to fragmentation at identical genomic coordinates should not be a significant issue at this level of input material. In our E.coli libraries we recovered 1.5x10 6 suggests that the majority of available fragment diversity in the mouse library as fixed before PCR amplification has been sequenced to exhaustion with the large number of additional sequencing reads increasing the apparent duplicate rate without adding to overall library information.
As input DNA quantity in NGS library synthesis is reduced to low levels, two process-related factors may reduce diversity in the resultant dataset: firstly, only a fraction of the initial sample contributes directly to the final library; and, secondly, increased loss of effective template necessitates the use of more PCR, ultimately raising the duplication frequency in the final dataset. The input template quantity contributing to the final library is set by both the DNA fraction fragmented within a selected size range and by the amount of template which becomes successfully ligated and amplified. Our tagmentation protocol uses a single tube reaction to fragment input DNA, ligate TRM containing oligos and amplify fragments.
Restriction endonucleases are then used to create a ligatable 2bp overhang as a more efficient alternative to the analogous 'A-tailing' Illumina stages. Hence, in our method, processinduced reduction in diversity mainly arises from the efficiency of enzymatic fragmentation and controlled rejection of material at size selection. In current Illumina protocols, substantial additional losses are incurred during the sonication process, through inefficiencies incurred at several enzymatic manipulations and through multiple sample purifications. Our 20pg input library data suggest that 2-3% of the starting material is captured with our method. An analogous figure has not been reported for the Illumina method. Thus, when our modified tagmentation method is used to synthesize libraries from 1ng input material, acceptable levels of diversity are observed in the final dataset when sequenced at this depth. However, our data suggest that further reducing input material to the 100pg and 10pg level has a limiting effect on final library diversity. Despite the loss of ~95% of the initial material in our library prep, it is worthy of note that our 20pg mouse libraries recovered a ~0.4x coverage of unique mapped fragments of the non-repetitive mouse genome from only 7x genome equivalents of starting material. This is a significant recovery of mouse genomic data from genome level inputs and has not currently been achieved by any other technique. Extrapolation from this result suggests that near complete coverage of mapped fragments for the mouse genome should be possible with ~50pg of input. This figure would be closer to 60pg if coverage is measured as sequenced bases using 100bp PE reads. Further improvements in diversity should be 13 achievable, relative to those reported here, by increasing the size range of library fragments selected, and by titrating down the use of PCR. These alterations should decrease the amount of starting material required to achieve a particular coverage. However, it should be noted that it will never be possible to recover a full genome coverage for samples where the quantity of starting material is close to or less than a single genome equivalent. As a complement to whole genome studies, this technique is also likely to have widespread utility in the analysis of samples derived from enrichment procedures that typically result in low DNA yields but where coverage over target regions is very high.
Techniques are currently available for amplifying low input samples prior to NGS library preparation (Tang et al. 2009 ). However, these approaches are likely to introduce sample bias and amplification artifacts that are impossible to distinguish in the final library. Our technique avoids amplification prior to fragmentation and uses an in silico paired-end-read duplicate filter to exclude gross artifacts providing a more accurate representation of the relative relationship between input molecules. This is an important consideration when attempting to capture relative data from very low quantity starting procedures such as single cell transcription profiling which is currently only possible with target pre-amplification (Tang et al. 2009 ).
The use of type IIG endonucleases in our library synthesis was shown to cause predictable, highly localised coverage loss at endogenous recognition sites. Blending sub-libraries created with separate restriction enzymes resolves this issue but requires parallel production of multiple samples. We have shown that blending two libraries is sufficient to increase target coverage to levels similar to the Illumina preparation. Hence, our laboratory uses a two restriction enzyme method as standard. The use of alternative type IIG restriction enzymes with less frequent endogenous sequence motifs may be explored so that a single preparation technique giving acceptable coverage might be used.
Our modification to the standard Illumina PE adapter sequence results in the repeated sequencing of a mandatory CAG motif at the start of all reads. This may result in a failure of some Illumina base-calling software. To avoid this we use a variable length in-line barcoding region in our adapter to offset these constant sequences and simultaneously allow library multiplexing. Our in-line barcoding system indexes both reads of a paired-end fragment allowing important quality checks such as the identification of inter-library fragment chimeras which are not possible using standard indexing systems.
This research has focused on the application of this technology to Illumina library synthesis.
However, the basic fragmentation, ligation and digestion protocol described here provides a universal entry point to the creation of libraries for any current NGS or third generation platform that requires the ligation of an adapter to the ends of fragmented target DNAs during library preparation. Cold
Methods
Input sample quantitation
A 2x serial dilution of lambda genomic DNA (Invitrogen) in 1xTE (Promega) was produced to give final concentrations from 100pg/μl to 390fg/μl in 1xTE. 10μL aliquots of each standard were added to a 384 well Optiplate-F (Perkin-Elmer) in triplicate. 10μL aliquots of 1:10 sample dilutions were added to separate plate wells. 
Illumina library preparation
1μg non-methylated E. coli K-12 MG1651 gDNA (NEB) was placed in a DNA LoBind microcentrifuge tube (Eppendorf) and diluted to a total volume of 40μL in 1xTE. Sonication was performed in a Misonix 4000 sonicator (Misonix) using a cup horn with circulating ice cold water (Amplitude 100, 4x cycles of 60secs sonication with samples left to cool on wet ice for 60secs between cycles). Following sonication, 1μL of neat sample was run on a Bioanalyser 2100 (Agilent) using a HS DNA chip (Agilent) to monitor for optimal sample fragmentation. 10μL of 6x gel loading buffer (Maniatis et al. 1982 ) was added to the remaining sample. This was then mixed and split into two equal aliquots which were loaded on adjacent wells of a 3%
Nusieve agarose gel (Lonza) pre-stained with 0.5x GelRed (Biotium) and subjected to 35mins of electrophoresis at 100V in 1xTAE. 100ng of 1kb ladder (Promega) was run in a parallel lane. Following electrophoresis the gel was imaged in a UVP bioimaging system adapted for use with hyper-bright green 528nm LEDs (RS) and visualised using a 617nm±73nm filter Nusieve agarose gel (Lonza) pre-stained with 0.5x GelRed (Biotium) and subjected to 35mins electrophoresis at 100V in 1xTAE. 50ng of 1kb ladder (Promega) was run in a parallel lane.
Following electrophoresis the gel was imaged in a UVP bioimaging system (UVP) adapted for use with hyperbright green 528nm LEDs (RS) and visualised using a 617nm±73nm filter (Semrock). Amplified sample, corresponding to the target library was excised using 4mm
Genecatcher disposable gel excision pipette tips (Gel Company), gel slices from amplifications of the same target library pooled and DNA recovered into 10μL 1xTE using a Zymoclean Gel DNA recovery kit (Zymo Research). 1μL of eluate was subject to high sensitivity DNA quantitation in a final volume of 20μL. Library dilutions were adjusted to 10nmol and used for cluster generation and sequence analysis on an Illumina GAII Genome Analyser and delivered to our local NGS service provider who sequenced the library using standard manufacturer's procedures.
Sequencing adapters
Modified Illumina adapters were synthesised to allow ligation of the GT sticky end left by the class III endonuclease digests. Five pairs of adapters (consisting of partially complementary oligos 1 and 2) were produced with staggered barcode sequences as (Supplemental Table   Cold 
Sample de-multiplexing, trimming and quality control
Raw Illumina format PE datasets were simultaneously filtered for reads containing base calls with phred scores less than 20, demultiplexed in to constituent sub-libraries based on in-line barcodes, trimmed to remove barcoding nucleotides and converted into fastq format using our own software. Overall library quality before and after de-multiplexing, filtering and trimming were monitored using the FastQC software package (Andrews. 2010).
Genome alignment.
Individual sequenced datasets were aligned to the reference genomes of the bacterium 
Duplicate filtering.
Duplicate paired-end reads within the same library were identified based on alignment coordinates of both reads within a pair using our SAM file duplicate filtering utility (Maslau. 2011) to leave a subset of non-degenerate read-pairs. This utility has been made available to the community under the GNU General Public License.
Data analysis.
Successfully de-multiplexed, trimmed and quality thresholded datasets were further filtered.
Read-pairs were kept only when both reads aligned to unique locations in the reference genome, had mapping phred scores >150 and possessed a fragment size within the central 98% distribution of apparent mapped library fragment insert size.
Genome coverage statistics were calculated using the sequenced bases of the forward and reverse reads mapped to the reference genome. The GC content dependent bias in the genome coverage was calculated using the complete inferred genomic fragments. GC content was assigned to the middle base of each 250 bp window of the genome, with 1 bp relative offset. The statistical dispersion in genome coverage at each position was described using median values and inner-quartile ranges (25th and 75th percentile).
For the analysis of coverage at class IIG endonuclease sites the full complement of enzyme recognition sites for the reference genome were initially identified in silico. Genome coverage at each nucleotide across a 1kb region centered at each enzyme cut site (coordinate +1) was calculated and data for all cut sites overlaid. The statistical dispersion in genome coverage at each position was described with median values and inner-quartile ranges (25th and 75th percentile).
Putative consensus sequence motifs at fragmentation sites were investigated within 50bp regions centered at each of 1000 randomly selected fragmentation sites. Sequence No sequence preference was found in the Illumina library. reads as a measure of diversity are also given for each dataset. Phosphorylation. * denotes a 3' Phosphorothioate bond modification. BpmI/BsgI dataset created in silico using randomly selection of 50% total read pairs from separate 1ng BsgI and 1ng BpmI input libraries. 
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